A B S T R A C T The importance of antigen site density has been studied by means of a model passive hemolysis system using red cells coupled with sulfanilic acid groups. Relative site numbers were estimated from the covalent linkage of sulfanilic acid-5S to red cell membrane protein, and the effective antigen site number was determined with MI-labeled rabbit IgG anti-sulfanilic acid (anti-S).
Immune hemolysis was demonstrated for red cells which had greater than a threshold number of antigen sites, the value of which was different for normal human cells (80,000 sites/cell), cells from a patient with paroxysmal nocturnal hemoglobinuria (PNH) (40, 000 sites/cell), and sheep red blood cells (RBC) ( 1 5,000 sites/ cell). Cells with antigen site densities below these values did not hemolyze when tested with 1 mg/ml purified rabbit IgM anti-S. 2-8 times greater antigen site densities were required to obtain hemolysis with IgG anti-S. Above the threshold value, hemolysis titers were proportional to the antigen site number until maximal values were obtained. The greater hemolytic efficiency of IgM antibody was demonstrated in this system, and it was established that the magnitude of the difference was related to the test cell antigen site density.
These data, taken with previously reported hemagglutination studies, have been used to develop a general classification of immune hemolysis and hemagglutination based on antigen site density and antibody class. It is suggested that the heterogeneity of blood group systems is caused by differences in the site separation of erythrocyte membrane antigens.
Presented, in part, at the Annual Meeting of the American Society of Hematology, Cleveland INTRODUCTION Blood group antibodies demonstrate heterogeneous in vivo and in vitro hemolytic properties (1, 2) . As a general rule, IgM antibodies have greater hemolytic activity than IgG antibodies of the same specificity. Some IgM antibodies do not fix complement, however, and potent IgG hemolysins are recognized. The different properties of blood group antibodies seem to be related to the nature and distribution of antigen sites with which they react. As erythrocyte antigen site density markedly influences hemagglutination (3), we have similarly tested the relationship of antigen site density to immune hemolysis. A model system has been used in which red blood cells (RBC)1 coupled with sulfanilic acid groups are tested with purified rabbit anti-sulfanilic (anti-S) antibodies. The hemolytic properties of sheep red cells, normal human cells, and cells from a patient with paroxysmal nocturnal hemoglobinuria (PNH) have been determined in this passive hemolysis system. METHODS Antisera. The immunizing antigen was prepared by coupling diazotized sulfanilic acid to edestin by methods previously described (4) . Young adult New Zealand albino rabbits were immunized by intravenous injection of 5 mg of sulfanilic acid-azo-edestin three times a week for two courses of 4 wk separated by a 7 wk period. The animals were bled on the 5th and 6th days after the last injection, and anti-S sera were stored at -20'C until used.
Rabbit anti-human RBC serum was prepared by repeated injections of washed human type 0 RBC (5). The rabbit anti-Forssman serum was obtained from the Monroe County, N. Y., Health Department Laboratories.
Preparation of purified antibody. Serum dialyzed against borate-saline buffer, pH 7.85, was applied to columns of a 'Abbreviations used in this paper: anti-S, anti-sulfanilic acid; PNH, paroxysmal nocturnal hemoglobinuria; RBC, red blood cells; VBS, veronal-buffered saline.
sulfanilic acid-cellulose immunoadsorbent (4, 6) . The antibody was eluted with the specific hapten (0.1 M sulfanilic acid, and 1.0 M NaCI, pH 7.3), and dialyzed against six changes of borate-saline. Antibody recovery in the eluate was 45-73% of that in the serum applied to the column. IgG and IgM antibodies were separated by gel filtration through Sephadex G-200 after the eluate was concentrated by ultrafiltration. The purified IgM and IgG antibodies demonstrate single lines on immunoelectrophoresis when tested with a potent sheep anti-whole rabbit serum (3). Precipitating antibody was measured by a quantitative micro method (7) using sulfanilic acid-bovine serum albumin, and over 70%o of the protein in the purified preparations was precipitable.
Preparation of sulfanilic acid-azo-erythrocytes. Blood collected from normal donors, and a patient with PNH was anticoagulated with acid-citrate-dextrose (ACD) (vacutainers containing solution B; Becton-Dickinson & Co., Rutherford, N. J.). The preparation of 'S-diazotized sulfanilic acid has been described (3), and a single stock was used for all of the experiments reported.
Freshly thawed diazotized sulfanilic acid was diluted with cold phosphate-saline to the desired concentration and added dropwise to 5 volumes of thrice washed 10-20% (v/v) erythrocytes in cold (40C) phosphate-saline. The cells were slowly stirred during the 10 min coupling period and were then washed twice with 40 volumes of phosphate-saline and once with veronal-buffered saline (VBS). The cells were used within 6 hr of preparation.
"S measurement. Ghosts were prepared from the coupled cells by hypotonic lysis (8) . The ghosts were digested with NCS (Amersham/Searle Corp., Arlington Heights, Ill.) (2 ml/mg membrane protein) and counted in toluene to which had been added 6 g/liter of 2,5-diphenyloxazole (PPO). Samples were counted using a Nuclear-Chicago automatic liquid scintillation detector, and at least 10,000 counts were accumulated. Quenching was determined by channels ratio and was less than 2%.
Measurement of "I5-labeled antibody binding. Purified IgG anti-S and IgG fractions of anti-S sera (6) were labeled with '1I (Cambridge Nuclear Corp., Cambridge, Mass.) by the iodine monochloride method (9) . Over 98% of the radioactivity was precipitable by 10% trichloroaceticacid (TCA), and the labeled proteins had 1.5-2.0 iodine atoms/molecule with SA of 90-180 /uCi/mg. Unlabeled IgG anti-S was added to these preparations to bring the protein content to 2.50 mg/ml, and this mixture was absorbed twice with i volume washed RBC.
Red cells coupled with sulfanilic acid were trace-labeled with 'Cr (E. R. Squibb & Sons, New York) to monitor cell recovery in the binding experiments (3) . The cells were suspended in VBS to which had been added 2% (v/v) heat-inactivated normal human AB serum, and the concentration adjusted to 108 RBC/ml using a Coulter counter (Coulter Electronics Inc., Hialeah, Fla.). 0.5 ml of the cell suspension and 0.5 ml of 'I-labeled antibody (0.1 to 2.5 mg antibody protein/ml) in VBS were added to a 12 X 75 mm uncoated polystyrene tube and placed on a bench rotator at 10 rpm for 1 hr at room temperature (22-250C).
The tubes were then centrifuged (850 g for 5 min) and the cells transferred to a new tube using 2 ml of VBS-1% AB serum. After a second wash with 2 ml VBS-1% serum, the cells were lysed with 1 ml of distilled water and the tubes counted using a two-channel Nuclear-Chicago crystal scintillation detector. Losses due to hemolysis and handling were less than 5% for the lightly coupled cells and 10-30% for the maximally coupled cells. The number of 'SI-labeled antibody molecules/cell was calculated using a mol wt of 140,000 for rabbit IgG (10) and assuming that each IgG molecule was attached to a single RBC site. The relationship of maximal extrapolated antibody binding-effective antigen site number-to the number of hapten groups coupled to normal human RBC has been reported as have estimates of the specificity and sensitivity of the method (3). Similar binding studies were done to measure the ratio of effective antigen sites to total hapten incorporation for sheep RBC and cells from a patient with PNH. The data are given in Fig. 1 , which includes the previously established values for normal human RBC. It is apparent that red cells from the patients with PNH are like normal human red cells in this regard and that 10-18% of the bound hapten molecules are effective sites. However, as many as 50% of the sulfanilic acid groups coupled to sheep RBC were effective antigen sites. This correlation curve ( Fig. 1 ) was used for all subsequent experiments to convert the primary data-sulfanilic acid-S molecules-to antigen sites.
Agglutination titers. 0.1 ml of a dilution of anti-S serum or purified anti-S was added to 0.1 ml of a 2i% suspensioni of coupled RBC in VBS-1% normal human serum. After incubation for 1 hr at room temperature, the 10 X 60 mm glass tubes were centrifuged (200 g for 1 min), and the agglutination pattern was read macroscopically. The degree of agglutination was graded from + to 4+, and the end point was recorded as the reciprocal of the highest dilution giving a + pattern. Tubes in which there was no agglutination were tested for RBC sensitization after the cells were washed three times in 2 ml of 0.9% NaCI. 0.1 ml of an optimal dilution of sheep anti-whole rabbit serum was added to the washed cells suspended in 0.1 ml of 0.9%o NaCl. Buffer solutions. The composition of the 10% boratesaline, pH 7.85 (4) , the VBS (13, alternative procedure), the hypotonic phosphate-saline EDTA (8) , and the isotonic phosphate-saline (3) buffers have been previously described. Calcium and magnesium were omitted from the VBS for all studies other than immune hemolysis. RESULTS Covalent coupling of the sulfanilic acid groups to red cells has been shown to have minimal effect on the membrane properties (3, 14) . In a contrast with the unchanged agglutination properties of coupled red cells (3), a consistent dose-related increase in hemolysis was recognized (Table I) . This "nonspecific" increase in hemolysis was determined in each experiment so that the specific anti-S hemolysis could be calculated. Anti-S titers for coupled human RBC were multiplied by the ratio H., anti-human RBC (uncoupled cells)/Ho antihuman RBC (coupled cells). The values given in Table  I include the highest sulfanilic acid concentrations used and, therefore, the greatest correction required for this effect. A similar small nonspecific increase in hemolysis of hapten-coupled sheep RBC was identified with a rabbit anti-Forssman serum, and the titers of coupled cells were corrected by the method indicated in Table I . The coupled cells were stable throughout these experiments, and there was no significant spontaneous hemolysis.
Hemolysis and hemagglutination were measured using three kinds of cells coupled with sulfanilic acid: normal human RBC, RBC from a patient with PNH, and sheep RBC. The hemagglutination patterns were consistent for the three kinds of cells with threshold densities of 10,000-20,000 antigen sites/cell required for agglutination by a high titer rabbit antiserum and with maximal agglutination titers of 1: 1600 for cells with greater than 200,000 antigen sites/cell. The agglutination properties of the PNH and sheep RBC were the same as those of normal human RBC which had the same number of antigen sites/cell (3).
The hemolytic properties of the three kinds of coupled RBC were very distinct, however, when cells with the (Table II) . Surface area measurements reported by Ponder (15) and calculation of the relationship of surface area to volume indicate that membrane protein content provides a satisfactory estimate of relative surface area. The usefulness of this measurement is probably related to the standardized conditions for the osmotic hemolysis of the three kinds of red cells (8) .
A comparison of cells with the same number of antigen sites/micromicrogram of membrane protein provides, therefore, a better indication of the effect of antigen site density (Fig. 3 ). PNH and sheep cells have similar properties when compared in this way although sheep cells have a slightly greater maximal titer. Normal human erythrocytes, coupled so that they have the same antigen site density, are clearly less susceptible to immune hemolysis. Purified IgM and IgG antibodies were tested with these cells to determine the effect of antigen site density on their relative hemolytic efficiencies. The hemolytic titers of specifically purified IgG and IgM anti-S with coupled sheep, PNH, and normal human RBC are given in Fig. 4 . The 10-to 500-fold greater specific activity of IgM antibody was noted over the entire range of antigen site densities for all three RBC types. These data also indicate that most of the increased sensitivity to hemolysis of sheep and PNH cells by unfractionated serum (Fig. 3) is due to IgM anti-S in that serum. IgG antibody was less effective in causing hemolysis, and the differences among sheep, PNH, and normal human RBC of the same antigen site density were much less prominent than when IgM was tested. IgG hemolysis of PNH and normal human cells of the same antigen site density was different only at the threshold site densities. Coupled sheep RBC had the same threshold site density for IgG hemolysis as the human RBC, but increased hemolytic titers were obtained at high site densities.
These data, taken with the previously reported hemagglutination studies (3), allow a general classification of hemagglutination and hemolysis as related to antigen site density. Fig. 5 indicates the properties of normal human RBC coupled with sulfanilic acid and tested with IgM and IgG anti-S. It is apparent that cells can be prepared which have a wide range of immunohematologic properties and that these properties are related to antigen site density. Cells of very low site density are not hemolyzed by anti-S at any antibody concentration and are agglutinated in saline by IgM but not IgG. In contrast, heavily coated cells are agglutinated and lysed by both IgG and IgM anti-S. This immunohematologic spectrum includes the range of properties of blood group antibodies.
DISCUSSION
The quantitative relationship of erythrocyte antigen content and hemolysis has been studied using a model system in which diazotized sulfanilic acid&S is coupled to RBC. The hapten-RBC linkage has been shown to be stable during repeated washes of the coupled cells and is intact in membrane protein extracted from RBC (3, (Table II) . 14). Sulfanilic acid does not bind to nonmembrane proteins (primarily hemoglobin) under the conditions used in these experiments and coupling to plasma proteins adsorbed to the RBC was minimized by thorough washing of the RBC before adding the diazotized hapten. The number of effective antigen sites/cell was directly related to the number of hapten groups coupled to the RBC membrane (Fig. 1) . This value-the antigen site density-is an average value for the population of red cells and the amount of heterogeneity within this cell population is not known with certainty. Serologic and immunofluorescence data indicating uniform coupling were presented in a previous paper which described the properties of this model system (3). The linear von Krogh plots (log y/1-y vs. log antibody content) over the 10-90% hemolysis range also indicate that the population of coupled cells is homogeneous.
The consistency of the slope of these plots over the entire range of antigen site densities and the similarities of these slopes to those obtained with anti-Forssman and anti-A antibodies, are consistent with a uniform distribution of the S sites over the RBC membrane. Electron microscopy has established that the A antigen of human RBC and the Forssman antigen on sheep RBC have a uniform distribution (16, 17) . Electron microscopic studies using ferritin-labeled antibodies will be required to establish the fine structural distribution of the S antigen sites.
The relative threshold site densities for hemolysis have been clearly established for this model system. Threshold site densities may be quite different for other red cell antigens, however, as may be the specific activities of purified antibodies. The physicochemical nature of the antigen, the fine structural antigen'distribution on the RBC membrane, and the antibody affinity (18) must all be considered in addition to antigen site density.
The difference in hemolytic susceptibility of red cells from different species has been widely recognized (19, 20) . These studies with our model system allow the first direct comparison of cells which have the same antigen and similar antigen densities. Meaningful comparisons can best be made with this kind of quantitative passive hemolysis data. The increased susceptibility of sheep RBC to immune hemolysis has been verified using this model system.
The increased hemolytic susceptibility of PNH cells is also apparent in these studies. Rosse and Dacie demonstrated differences of a similar magnitude using anti-I, anti-p', a Donath-Landsteiner antibody, and Shigella passive hemolysis (21) (24) . The hapten concentration influenced both plaque number and size. Assays done with heavily coupled sheep RBC suggested that cells synthesizing IgG antibody could produce direct plaques, and they noted that it is an oversimplification to equate IgM production with direct plaques and anti-globulin enhancement (indirect plaques) with IgG synthesis. The data given in Fig. 4 fixation.
These studies suggest that heterogeneity in hemagglutination and hemolysis by blood group systems is a result of the different properties of IgG and IgM antibodies and of variation in antigen site density. They provide the first direct evidence that differences in antigen site density determine RBC immunohematologic properties. This model allows the many speculations about the differebces between blood group systems to be tested against a simple experimentally established framework. The differences between AB and Rh antibodies are resolved by this formulation in light of the marked differences in antigen site numbers (30) (31) (32) (33) .
